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FEACA V'R No. E5Z18

NATIONAL ADVISORY COMIITTEE FOR AERONAUTICS

MEL'ORAMDUY REPORT

for the
Am Air Forces, Air Tochnical Service Command
EFFECT OF ENGINE-OPERATING VARTABLES AND INTERFAL COOLANTS ON
SPARK-ADVANCE RLCQUIREMENTS OF A LIQUID=-COOLED CYLIKDZR

By John F. Pfender, Carl Dudugjian, and A. F. Lietzke

SUMIARY |, ¢

Tests were conducted to determine the offect of cengine~
operating variables and internal coolants on spark-advanco
roquirements of o single cylindor from a 12-cylinder liquide
cooled engine for maxinum take-off power and maximum cruise
econony, Tho of'fects of fuoleair ratio, engine speod, air
Llov {chargo density), mixture tempernturc, and internal
coolants on peak-powor {optimun) spark advance wore investi-
gatod. In addition, teste werc canducted to determine the
effect of spark advence on tho knock-limited ongine pere=
Tormance at scveral mixture temperaturcs for oonditions
simulatine take-off, high-power crui se, and low-power cruise.

In tho liquid-cooled cylinder opcrated with 28-R fuel,
the following rcsults were obtainads

l. Among the variables testod only fuel-air ratio and
internal coolant-fuol ratio have large cffocts on the peak-
power spark timing.

2. Then tho spark timing is advanced Trom normal (inlet,
280 B.T.C.; cxhaust, 340 B.T.C.) at & fucl-air ratioc of 0.060
to poak power at a fuol-air ratio of 0.067 which sacrifices
ne engine power for a given inlgteair pressuro, a 4epercent
reduction in indicated spozific fuel consumption is roalized.
Any unevencss in mixture distribution of a multicylindcr engine
would result in a docreasc in brake gpacific fuel consumption
greater than that for a single-cylinder engino; the more unoven
tho mixture distribution, tho greatcer iz the docreaso to bo ex-
pected,




NACA LR No, ESELS

3. An incrcase of approximately 10 perfcrmenco numbers
in tho lcan rating of the fuol would be roquired to maintain
tho semo knook-limited power at a fucl-air ratio of 0.060 if
tho spark timing was advanced to peak powcr.

4. Knock-limitod indicatod moan cffcctive pressure at
take=off conditions was increasod about 6 percent when the
spark timing was rotarded from tho normal valuo (inlet, 28°
B.T.Ce3 oxhaust, 34° B,T.C.) to tho point whore rough opera-
tion was reachod (inlot, 169 3.T7.C.; exhaust, 22° B.T.C.).
Then the additional supcrcharger power nccessary to supply
tho highor menifold pressurc is conaidercd, the gain in tho
mock-1imitod brake horsepover for a multicylindcr cngine
with a singlc-stago, supercharger is approximately 4 pereent.

IITRODUCTION

Most currcent models of the in-lino liquid-cooled engino
havo fixed spark timirng. It wos desirable, howcver, to in-
vostirato tho ndvantages of variable spark timing in thosc
cnzines becauso a higher knock-froe trcku-off power oan be obe
taincd when the spark timing is retarded and a lower fucl con-
sumption can bo octaincd'for lean-mixturc cruising when tho
epark.tining is advancod than rcsulte wher fixoed spark timing
is used,

In order to evaluate theso ndventages, cnpine tests wore
conductod nt the NACA Cleveland laboratory during the latter
part of 1944 to doterminoe tho offects of fucl-nir ratio,
cngino spced, uir flow (charge density), ond mixture tompora-
turc on tho pcak-power (optimum) spark advanco and to deter-
rine the cffeect of spark advdnce on !moock-limited power. An
invostiration was also madc of the spark-advance requireronts
with the uge of water and a mixturce of wator and ethyl aléohol
as internal coolents. The results of thcso tests, which con-
stitutc part of the gencral progrom for improving the pewer
output of the multicylinder liquide-cooled enziuo as roquested
by the Armmy ldr Forcos, Air Technical Servico Command, are
reported hercina ‘

APP..RATUS

Tho tests wero cenducted with a multicylinder block
ndapted tc a CUE srankensc (refcronce 1). Fipuro 1 shows

cylindcr 2 in positicn for firing; cylinder 3, howover, was
used in thosu tcsts.

Tho intcrnal-coolant injection system compriscd a pros-
surized supply tank, a rotamotor, and an injoction nozzlc.
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The injcetion nozzle was a coppor tubo scaled at the cnd and
drilled with four small holes spaced in a row along the length
of the tube, Figurc 2 illustrates the two positions used for
the injoction of internal coolants: position A beforo tho
vaporization tenic and position B at thc intake elbow. In both
poeitions tho nozzle was installed to inject the intornal
coolent dovnstroanm,

Cylinder-hend temporaturecs wero mensurod by a thormocouplo
locnted botween tho oxhaust-valvo scats {fige 3), which is tho
rogion of hLighcst cylindor-hoad temporaturo. Knock was dotectod
by mcans of o maogretic vibration-tyro pickup, an amplifior, and
an oscilloscope.

TTST PROCEDURE
Tho folloving cngino conditions were maintained:

Comprossion ratio o« « « ¢ o o o o o et el 1 6RES
Engino speed, IR « o o 4 s . 2600, 3000
Inlet=0il tcmperature, OF + + « . 1e6
Outlct=coclont temporaturs, S¥ o e 260
Coolant flow at 2280 rpm, gallons per minuto 99
Coolant flow at 2600 rpm, gallons per minuto 108
Coolant flow at 5000 rp:, gallous per ninute . e D)

Tho normel spark ndvence for tho engine is 28° B,T.C. for tho
inlet side end 34° 3,T.C, for tho cxhaust side. Thc timing of
the inlot spark was rotarded 6° from that of tho oxhaust spark
for all tests, Tho engine ovolant wae 30-percurt cthylenc
glycol, Amy-Eavy specifizrtion .li-E-Z2, ond 70-percent watcr,
Cold spark plugs woro used to prevent preignition and tho fuol
wns 28-R.

Tosts were conducted to detoruinc tho cffeet of fuoleair
ratio, cngine spced, air flow, mixturc tomperature, and intornal
coolants on pcak-power spark ndvonce. Tho spark timing was
variod over a range sufficiontly wido to dotormine accuratoly
tho point of maximum powir, Two internal coolants were uscd:
water and a mixturo by volumo of 50-percent water and &0-pereent
cthyl aloohols Scvoral ratios by weight of the internal coolant
to fucl wero investigatod with injcetion into the vaporization
tonk and with injection into tho intake elbow,

Knock=limited cugine performance was also dotermincd for a
rango of spark advanco from approximatoly 18° rotardod from
normal to 15° advanced from normal at cnginc conditions simulating
takc=of'f, high-power cruiso, and low=power cruiso,
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RESULTS .4D DISCUSSION

Effeot of Engino Varimoles and Intornal Coclants

on Spurk Jgdvance for Peuk Power

Fucl-air ratio.- The offcet of spark advance on power and
fucl consumption at thruc cngine spocds and for scveral fucl-air
ratios is presontod in rizure 4, The velucs of peak-power (optimun)
spark advenco.aro "indiested by arrows on thosc curves. Theso valucs
were choscn to corrcspond with minirmm fuol consumption as well as
with peak power. Inasmuch as spark advancc docs not appreciably
affcet the mucunt of charge entering the cylinder, the spark advance
‘iving the ocst cycle efficiency will give minimum fuel consumption
as woll a3 maximum powsre Hercinaftcr, the optimunm valuc of spark
advanes will be designated the spork advanco for peck power; how-
over, it is alse tho spark adveonoe at which minimum fucl conswaption
is obtainod at the samo operatias cenditions., The valucs of spark
advance indizated by the arrovrs on figure 4 havo bocn plotted in
figurc 5 to show thc influsnce of fucl-mir ratio on spark advanco
for pcak powor. Tho docided -effoct of fuol-air ratio on spark
advanco for pook pewcr is causcd by thu pronounced influcnco of
fuol=air mixturc on flamo spccd. Innsauch ns tho flame spced do-
cronscs for fucl-nmir ratios luoner or richcr than about 0,085 to
04095 (rofercnco 2), the izmition timing for pcak power must bo
advenccd whon operating at fucl-air mixturcs leaner or richer than
0,086 to 0,096,

Enginc spcod,- Flamo spsod inercnscs ropidly with cngine spood
beeousc of fnorcascd turbulencce In the liquid-coolod eylinder, the
flano spocd incronsod at a slightly slower ratc than cngine specd
ovor the ranze tosted. It was thorof'ore ncecssary to advancoe the
spark a small smount to maintain pcak power for a given fucleair
ratio as tho spoed was incronscd (fige 6).

alr flow.= Thc olfoct of spark adveonce on powor and fuel con-
sumptTon WItH various air flows and two mixturc temporaturos (125°
and 225° F) is shown in figurc G. Tho inlot-air prcssurc and tho
oxzhoust back pressurc arc cqual at 30 inches of mercury absoluto
(~pproximate nir flow, 437 lb/hr); thereforo, the valve-overlap
lossus arc ameller then at higher inlotenir pressures where therc
is n groater differentinl pressure to blow the unburned charge
through the cxhmust valves during the scavenging period. Conso-
quently for inlet-air prcssurcs neor atmosphcrio, tho indieated
specific fuel consuaption is lower, Data from figurce 6 havo boen
plotted in figurc 7 to illustrato tho cffoet of air flow on spark
advance for poeck powcr, This plot indicates that in the liguid-
coolud ecylindor flameo apood varios only slightly with nir flow,
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rixturs tomporaturc. - Figurc 8 shows tho cffcect of spark
advanec on power and fuol consumption for mixturce tuuporaturce
cf 175° and 283° F at constant air flow. Data from figurcs 6
nnd 8 have been renlotted in figure aid indicete that the in-
flucnee of mixturc tomporaturc on peak-power spark advancc is
alniost negliriblo. In thesc tusts tho offcet of mixturc teme
peraturc on flmo spcod was isolated by mairtaining constant
air low.

Intcmnl coolonts. - Tho influcncc of spark advance on fuol
consunption, powcr, and cylindur-head tumperature for tho two
intcrnal coolants and for the two positions of injection arc pre-
sented in figuro 10. Poak-power valucs of spark advancc from
figurc 10 have boer plottod in figuro 11 to illustrate the cffcct
of intcrpal coclant-fucl ratio on spark advence for pcak powcr,

ater, whon injoctcd beforc the vaporization taunk and allowod to
'mix thoroughly with the fucl-air rixturc, slowed tho flamo spoed
nore than when injocted into the intnke clbow. On tho other hand,
tho flame spcod wns slowed to about tho smuo degrco rogardless of
injoction position whon injecting tho 50-80 water-cthyl alcchol
mixturc. For thc smio intornal coolant-fuol ratios rnd tho somo
position of injcetion, tho watcreothyl alechol mixturc rotardcd
burning loss than wator injoction., This differcnco in burning
ratc night bo cxpocted beeausc aleohnl is a fucl and thereforo
takcs port in the copbustion procoss. i

Fer vaporization-tank inj cf':l.on, the nmixture temperaturoe
lccroasod as more intoraal coolant was injccted until the fucl=-air
mixturc vcenmo saturatcd (fig. 12) and then the mixturc tempera-
turc rumaincd rolatiycly constont. In a corrcsponding momner, the
ower nt peake-power spork advance ineroascd bocauso of tho increasod
chargo woight inducted into the cylindeor until the intornal coolant-
fucl ratio for srturation wne rcachcd (fig. 13), at which point tho
povier leveled off, .if'tor complote saturation of the inconing mixe
turc with thc internal coolants, any additional cooling of thc mix-
turo must ocour nfter tho intako valvos cleosc, which makcs it ime
possiblo to incruasc cngino power threugh an cffeet on air flow.

Pror. this point, tho powcr obtainabla at peak-power spark advanoc
dropred slightly as the intornal coolant-fucl ratio was incroascd
beoause some hoat of vaporization was extractcd from the nir during
tho compression streks, rosulting in a docrossc in cyele cfficiency.
When thoe internal coolant was injeeted at the manifold olbow, tho
power incrussc at poak-powor spark advancc was rolatively small
(fig. 13) becauso thero was insufficicnt tinc for charge cooling
before the intako valvos closed.

The pereontarc loss in powor at various valu.s of spark advance
over that which could bo obtrined by using pcak-power spark advance
for cach :I.‘u_tc,ri.'\l coolant-fucl rntio investigatcd is prescnted in
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figuroc 14. Vhen tho cngino is oporated with normel spark timing
a2t a givon intornal coolant-fuel ratio and pesition of injcetion,

this loss is approximatcly twice as much when injccting water as
en internnl coolant as when injocting a mixturc of §0-50 wator-
thyl alecohol. In nll cuscs, howover, the cngino powcr at normal
spark advance with a given inloteair pressure is ineronscd by tho
sc of internnl coolants.

Increasc in Cruise Economy Using Variablo Sperit Timing

A comparison of pert'ormonce with normal spark advanco ond
crformmice with poakepower spark advance (fig. 15) indicatos no
approciable diffcronce in power and in speecifis fuol cousumption
for fucl«nir ratios greatcer than 0,085, For mixturcs louancr than
0.Q88, howover, sorie improvement -in fuol oconomy nand powcr is
reanlized by using penkenower spark adveiicos If tho spark timing
is cdvanced fron remal at = fuol-air ratio of 0,063 to poak nower
at & fuol-anir rotio of 0,057, which scerifices no povor for a
givon inlct-nir pressure, = 4-pcrecout roduction in indicnted spoci-
fic fucl couswaption is attainod.

=

orformancs

2ffoct of Spark .\dvaneo on Knock-Limited Engine

Tho cffoct of spari: timing on knoek-limitcd cngino porformauce
for conditions simulatiis take-off, highepower cruisc, and low-
povcr cruisc is shovm in figurc 16. 1n all ocscs tho knock-linitod
cngino power inercnscd ns tho spark was rctaorded until rough opera-
tion was cncountercd {inlct, 16° B.T.C.; cihaust, 22° B.T.C.)s A
pover incrcasc of approximatoly 6 porcont wrs rcalizod by rotarding
tho spark 120 from normal nt low: and intcrmcdintc mixture tempera=
turcs; vheroas tho inercasc vvas considerably greater 2t high mix-
ture tamporaturcs, Thon the additional suporeharger work ncccssary
to supply tho highor nerifold pressurc is taken into aceount, this
powcr inercasc of € purcunt on an indicatcd basis results in a
povcr incrcasc of approximatcly 4 perecnt or broko basis for a
multicylindor cngine with a single-stago superchargor,

PFROBABLE EFFECT OF SP.ARK JDVANCE OF THE ECOROLY OF A
'JULTICYLINDER CEHGINE HAVIKG IFPERFECT
KIXTURE DISTRIBUTION
Tho discussion thus far has bocn bnsod on the single-cylindcr
cngince. The dota shown for loan-mixturc fuel consumption would

apply to a rwulticylinder cugine only if tho mixturc distribution
waz purfoct.
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The multicylinder engine, which has imperfect mixture distri-
bution, stands to gain somewhat moro in fuel oconomy than tho
single-cylinder results presented indicate., For example, it if is
assumed that the multicylinder engino is operating at an average
fuel-air ratio ‘of 0,060 with normal spark timing, any cylinders
that have richer or leaner fuel-air mixtures than this value will
have higher fuol consumption than a cylindor operating at a fuecl-air
ratio of 0,060 because the minimum point on the fuel-consumption
curve (fig. 15) is at this fuel-air ratio. The over-all fuel con-
surption of tho multicylinder e¢ngine would then be higher than that
of a single cylinder oporating at a fuol-air ratio of 0,060. If the
spark timing is now advancod to peak power, the minimuu point on the
fuel-consum;tion curve shif'ts to a.considerably leaner mixture., Tho
fuel-air ratio of 0,060 is no louger at the minimun point, so any
cylinders that now operate at a richer fuel-air ratic have a higher
fuel consumption than onc operating at 0.060; whereas, any cylinders
that operate at a leanor fuel-air ratio have a lowor fuel consumption
than thoso operating at 0.060. Tho over-all fuel consumption for the
multicylinder-ongine would then approach that of a single-cylinder
engine operating with peak-power spark advance at a fuol-air ratio
of: 0,060. The reduction in over-all fuel conswaption obtained by
advancing tho spark of the multicylinder engino wi“h imporfect dis-
tribution.is thereforc rreater than that obtained from single-cyliuder
tests. Tho moro imperfect the mixture distribution, tho groater would
be the gain by advancing the spark to the peak-power condition.

The single-cylinder data presented havo shom a possivle reduc-
tion in loan-mixture fuol oonsurption of ‘approximately 4 percent by
advencing tho spari:s Thc multicylindor enginc would bo expocted to
sl a somcvhat groater reduction depending on the mixture distri-
bution. It is estimated, howover, that an incrsaso of approximately
10 performancc numbers in tho lean rating of the fuol'would be re-
quired to maintain tho ssme knock-limited power at a fucl-air ratio
0f 0,080 if tho spari timing was ‘cdvenced to poak power. =

g SUIT°ARY OF RESULTS

From an investigation to determine tho effect of cnpine-opcrating
variablcs and ifiternal coolants on spark-advanco requiremcnts of
liquid-cooled single oylindor for maximum take-off power and maximur

rui se oconomy,’the foll ng results werc ovtained:

1, JAmong the variables tosted only fucleair ratio and intornal
coolant-fuel ratio havo large effccts on tho peak-powor spark timing.
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2, Thon the spark timing is advenced from normal (inlet,
280 %,T,C.; exhaust, 340 B,T.C.) at a fuel-air ratio of 0.060 to
péak power at a fucl-air ratio of 0,057, which sacrifices no
onzine power for a givon inlet-air pressuro, a 4-percont roduo-
tion in indicated spocific fuol consumption is roalizeds Any
unoveness in mixturo, distrivution of a multicylinder engine would
result in a decroasc in brako spccific fuel consumption groater
then that for a singlo-cylindcr engine; the more uncven the mix-
turo distribution, tho greator is tho decreasec to bo oxpected,

3¢ An incroase rf approximately 10 purformanco numbors in
the lcan rating of the fuel would be roquired to maintain the same
knack-limited power at a fuel-air ratio of 0.060 if the s»ark timing
was advanoced to penk poier,

4, 'nook-lixitod irdioated mean c¢ffootivo pressure at take=-off
conditicns was increasod about 6 percent when tho suark timing was
retarded from tho normal valuo (inlet, 28° B,T.C.; cxhaust, 34°
B.T.C.) to tho point whero rough oporation was rcached (inlot, 16°
B.T.C.3 oxhaust, 22° B,7.C.,)s Vhen the additional superchargor
povier noccssnry to supply the highcer manifold pressure is cone-
sidered, tho gain in the kncok-limitod brake horscpower for a
rulticylinder ongine withh a single-stage superchargor is approxi-
matcly 4 porcont.

Adreralt Engine Koscarch Laboratory,
Hational .\dvisory Cormittoo for Jcronautiecs,
Cleveland, Ohio, lMay 18, 1946,
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indicate aparik sdvance for peax power,)
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QLBSTRACT

Effects ars diecussed of fuelwair ratio, sngine speed, air flow, mixtura temperature,
end interpal coolants on peak-pover spark advencs. Relation of epark advance to knock-
1limited engine performance is datermined et different mixture +-r~psratures. Fuel-air
and intsrmal coolant-fuel ratio affects peak-pover spark timing preatly. Enock-limited
indiceted mean effective pressure at talke-off increased 6% vhen spark timing was re-
tarded from normal value to point vhsre rough operetion was reached.
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